1] Subduction zone plate boundary megathrust faults accommodate relative plate motions with spatially varying sliding behavior. The 2004 Sumatra-Andaman (M w 9.2), 2010 Chile (M w 8.8), and 2011 Tohoku (M w 9.0) great earthquakes had similar depth variations in seismic wave radiation across their wide rupture zonescoherent teleseismic short-period radiation preferentially emanated from the deeper portion of the megathrusts whereas the largest fault displacements occurred at shallower depths but produced relatively little coherent short-period radiation. We represent these and other depth-varying seismic characteristics with four distinct failure domains extending along the megathrust from the trench to the downdip edge of the seismogenic zone. We designate the portion of the megathrust less than 15 km below the ocean surface as domain A, the region of tsunami earthquakes. From 15 to $35 km deep, large earthquake displacements occur over large-scale regions with only modest coherent short-period radiation, in what we designate as domain B. Rupture of smaller isolated megathrust patches dominate in domain C, which extends from $35 to 55 km deep. These isolated patches produce bursts of coherent short-period energy both in great ruptures and in smaller, sometimes repeating, moderate-size events. For the 2011 Tohoku earthquake, the sites of coherent teleseismic short-period radiation are close to areas where local strong ground motions originated. Domain D, found at depths of 30-45 km in subduction zones where relatively young oceanic lithosphere is being underthrust with shallow plate dip, is represented by the occurrence of low-frequency earthquakes, seismic tremor, and slow slip events in a transition zone to stable sliding or ductile flow below the seismogenic zone.
Introduction
[2] Large variations in pressure, temperature, pore fluids, sediment properties, fault roughness and geometry, fault zone maturity, mineral phase, and rock type are expected along the seismogenic portion of subduction zone megathrust faults [e.g., Byrne et al., 1988; Hyndman and Wang, 1993; Hyndman et al., 1995; Dixon and Moore, 2007; Lay and Bilek, 2007; Heuret et al., 2011] . As frictional sliding behavior is plausibly influenced by all of these fault zone properties, observations of depth-varying earthquake phenomena along the megathrust are not surprising [Marone and Scholz, 1988; Scholz, 1998; Bilek, 2007; Wang and He, 2008] ; however, systematic variations with depth have been difficult to resolve because along-strike variations tend to be as strong or stronger in many regions [e.g., Yomogida et al., 2011] , and up until the last decade seismic observations were too limited to resolve any depth-varying frequencydependence in very large ruptures.
[3] Perhaps the best-established attribute of depth-varying properties of megathrust earthquakes is the distinct behavior of the upper 5 to 10 km of the fault zone commonly overlain by an accretionary prism. This region is generally thought to accommodate relative plate motions aseismically, with neartrench sediments undergoing significant anelastic deformation, velocity-strengthening frictional properties of the megathrust inhibiting nucleation of earthquake instabilities, and overall low seismicity levels. However, intermittent large-slip ruptures of this shallow region do occur, establishing the potential for tsunamigenic seismic failure of the megathrust all the way to the trench in at least some, and possibly many, regions.
[4] The central portion of the megathrust is where most large interplate ruptures occur, and much focus has been placed on understanding regional variations in the maximum size and rupture complexity of 'typical' megathrust failures [e.g., Kanamori, 1986; Kikuchi and Fukao, 1987; Thatcher, 1989 ]. Depth-dependent variations in rupture process across this central portion of the megathrust have been noted previously, but only recently demonstrated to be significant for great earthquake ruptures. Further downdip, the megathrust transitions to aseismic fault displacement, and for subduction zones like Southwest Japan and Cascadia the transition appears to involve a zone with a mix of episodic slow slip, low frequency earthquakes, and seismic tremor comprised of many small earthquakes cascading in prolonged sequences [e.g., Peng and Gomberg, 2010; Beroza and Ide, 2011; Ide, 2012; Vidale and Houston, 2012] .
[5] In this study, we extend the general characterization of depth-varying megathrust behavior described above to include a subdivision of the central portion of megathrusts, motivated by distinctions in the seismic radiation spectra of great and moderate size events as a function of depth. This leads to a four-domain characterization of earthquake rupture properties along-dip on megathrusts. Strong lateral variations exist in all four domains; however, our conceptual model provides a framework for characterizing and comparing earthquakes and frictional regimes in different subduction zones that incorporates a broad suite of observations of earthquakes and that can guide quantitative studies of the myriad local influences on rupture processes.
The Accretionary Toe Portion of the Megathrust
[6] The shallowest megathrust region, where confining pressures are low and pore fluids and unconsolidated sediments are most likely to exist in the fault zone, tends to have either anelastic deformation and aseismic stable or episodic sliding [e.g., Byrne et al., 1988; Moore and Saffer, 2001; Wang and Hu, 2006; Hu and Wang, 2008] , or to fail seismically in a special class of events called tsunami earthquakes [Kanamori, 1972; Newman and Okal, 1998; Polet and Kanamori, 2000; Lay and Bilek, 2007] . The existence of a 'seismic backstop', or seaward limit to the occurrence of small seismic activity, and evidence for anelastic deformation of sediments near the toe of accretionary prisms, suggest that velocity-strengthening friction likely dominates at very shallow depth. This is often invoked as an argument that seismic failure is unlikely, but this may under-represent the seismogenic potential of the shallowest part of the plate boundary in many regions.
[7] Moderate size earthquakes (M w $ 6 to 7) that do occur in the shallowest $40 km wide portion of the megathrust (5-15 km below the ocean surface) can have anomalously long source time function durations, possibly indicating widespread presence of low-rigidity material in the fault zone [Bilek and Lay, 1999; Lay and Bilek, 2007] . While the megathrust may be velocity-strengthening in the toe region, if rupture nucleates at somewhat greater depth along the megathrust it may propagate all the way to the trench as a result of conditional stability of fault friction [e.g., Scholz, 1998; Hu and Wang, 2008] . Thus the seismic backstop may define the updip rupture extent for small ruptures, but large tsunami earthquake ruptures may extend further updip.
[8] Tsunami earthquakes usually involve large megathrust slip and seafloor motion near the sedimentary wedge toe of the overriding plate, which generates large displacement of the overlying water. These ruptures have been found to have anomalously weak short-period seismic radiation, yielding low m b ($1 s period) and M S ($20 s period) seismic magnitudes relative to long-period source strength [Kanamori, 1972] . Tsunami earthquakes have been documented in Japan (1896), Alaska (1946 ), Kuril Islands (1963 , 1975 , Nicaragua (1992) , Peru (1960 Peru ( , 1996 , Java (1994, 2006) , and Indonesia (1907, 2010) . Well-studied recent tsunami earthquakes have unusually long rupture processes, similar to unusually long-duration moderate size events at shallow depths [Bilek and Lay, 2002] , low seismic moment-scaled energy release, and low rupture velocities, probably related to low source region rigidity (and accompanying low shear velocity), which is also associated with the occurrence of relatively large slip for a given seismic moment [Kanamori and Kikuchi, 1993; Velasco et al., 1994; Satake, 1994; Ammon et al., 2006; Lay and Bilek, 2007; Lay et al., 2011b; Newman et al., 2011] . The large slips involved make it likely that these events displace the fault all the way to the trench, although some tsunami earthquakes may rupture splay or backstop frontal faults in addition to the main megathrust [e.g., Fukao, 1979; Moore et al., 2007; Singh et al., 2011] .
[9] Tsunami earthquakes have been located both in regions where the deeper megathrust has not been observed to have great thrust events (e.g., Java, Peru, and Japan), and in regions where great thrust events do occur downdip (e.g., Kuril Islands, Indonesia). The latter situation is of particular importance given that the majority of great underthrusting earthquakes do not appear to involve coseismic rupture extending all the way to the trench (the 2011 Tohoku event is a rare welldocumented exception). The 25 October 2010 Mentawai (M w 7.8) tsunami earthquake Newman et al., 2011] ruptured at very shallow depth updip of the deeper megathrust rupture on 12 September 2007 (M w 7.9), and the 1907 Sumatra tsunami earthquake [Kanamori et al., 2010] appears to have ruptured updip of the region that later failed in the great 2005 (M w 8.6) underthrusting event. The 2010 Mentawai event appears to have nucleated at about 10 km depth, with rupture propagating up to the trench, so it may be an instance of deeper nucleation driving failure of shallow conditionally stable material. One thus cannot have high confidence that regions updip of large megathrust events will not have tsunami earthquakes unless the absence of shallow megathrust strain accumulation can be independently established. Of course some regions may be undergoing stable sliding or have slow-slip events (and seismic tremor), preventing large strain accumulation, so tsunami earthquakes may not occur everywhere. However, if there is a shallow frictional environment of conditional stability, rupture that nucleates at greater depth may drive faulting of the shallow toe [e.g., Hu and Wang, 2008] with attendant strong tsunami excitation.
Great Earthquake Ruptures Across Megathrusts
[10] Most large subduction zone underthrusting earthquakes rupture within the 60 to 160 km wide portion of the megathrust extending from depths below sea level of about 15 km to 45-55 km. Earthquakes in this depth range vary greatly in complexity and slip distribution, but have hitherto been viewed as basically similar in seismic radiation as a function of depth along the megathrust. However, the recent occurrence of great earthquakes with very wide along-dip rupture extent, and the availability of extensive seismic wave recordings that allow detailed analysis, indicate that there are systematic differences in seismic radiation as a function of depth on this central portion of the megathrust.
[11] The clearest evidence for this is provided by the 27 February 2010 Chile (M w 8.8, m b 7.2) and 11 March 2011 Tohoku (M w 9.0, m b 7.2) great earthquakes. For both events, seismic observations clearly indicate depth-variations in frequency dependent seismic radiation ( Figure 1 ). Sources of coherent short-period ($1 s) radiation are imaged in the downdip portions of the megathrusts by large seismic network back-projection methods for the Chile [Lay et al., 2010b; Kiser and Ishii, 2011; Koper et al., 2012; Wang and Mori, 2011b] and Tohoku [Koper et al., 2011a [Koper et al., , 2011b Ishii, 2011; Wang and Mori, 2011a; Meng et al., 2011; Yao et al., 2011; Zhang et al., 2011] events. For the 2011 Tohoku earthquake the locations of sources of teleseismic short-period radiation plot close ( Figure 1 ) to locations of strong ground motion accelerations determined by Kurahashi and Irikura [2011] , suggesting a common origin. Inversions and modeling of seismic, geodetic, and tsunami observations indicate large slip updip of the shortperiod sources for the Chile [e.g., Lay et al., 2010b; Delouis et al., 2010; Tong et al., 2010; Lorito et al., 2011; Pollitz et al., 2011b; Vigny et al., 2011] and Tohoku [e.g., Ammon et al., 2011; Fujii et al., 2011; Hayes, 2011; Ide et al., 2011; Iinuma et al., 2011; Koketsu et al., 2011; Lay et al., 2011a Lay et al., , 2011c Maeda et al., 2011; Ozawa et al., Yue and Lay [2011] and for the Chile event by Koper et al. [2012] . The vectors indicate the variable slip direction for subfaults, with the contoured color scale indicating the total slip at each position. The position and timing of sources of coherent shortperiod teleseismic P wave radiation in the bandpass indicated in each panel imaged by back-projection of recordings at North American seismic stations, mainly from the EarthScope Transportable Array, are shown by the colored circles, with radius scaled proportional to relative beam power (from Koper et al. [2011b] for Tohoku, and Koper et al. [2012] for Chile). The rectangles in Figure 1a indicate estimated source locations of high frequency strong ground motions determined by Kurahashi and Irikura [2011] . Note that the regions with large slip locate updip, toward the trench (dashed line) in each case, whereas the coherent short-period radiation is from downdip, near the coastline. Pollitz et al., 2011a; Shao et al., 2011; Simons et al., 2011; Yoshida et al., 2011; Yue and Lay, 2011] events, as illustrated in Figure 1 .
2011;
[12] There is a tendency for inversions of GPS static ground motions for the 2011 Tohoku event to place large slip primarily near the center of the megathrust, while seismic and tsunami inversions indicate 50-80 m displacements near the toe. Inversions of high-rate GPS recordings [Yue and Lay, 2011] place concentrations of slip both near the hypocenter and near the trench (Figure 1 ), indicating that time-dependence of the near-field ground motions may resolve the discrepancy. The shallowest portion of the 2011 Tohoku rupture appears to have behaved like a tsunami earthquake. It is not yet resolved whether the 2010 Chile event ruptured to the trench; our modeling of tsunami observations using seismic wave inversion models [Lay et al., 2010b] favors slip being relatively far offshore, but not peaking near the trench as for the 2011 Tohoku rupture. Recent geodetic inversions also place slip further offshore than earlier models for the 2010 Chile event, although again not extending all the way to the trench [e.g., Vigny et al., 2011] .
[13] The great 2004 Sumatra-Andaman (M w 9.2, m b 6.8) earthquake ruptured over 1300 km along strike, with faulting extending from the broad megathrust region along northern Sumatra to the narrower subduction zones along the Nicobar and Andaman Islands. We focus our attention on the megathrust region along Sumatra, where the largest slip and widest fault are found. The seismic and geodetic observations for this rupture generally agree in placement of large slip west of northernmost Sumatra [e.g., Ammon et al., 2005; Vigny et al., 2005; Chlieh et al., 2007; Rhie et al., 2007] , although there are significant variations in model parameterization and placement of slip along dip [Poisson et al., 2011] . We favor the models that provide good fit to the tsunami observations, as along-dip resolution is limited for both seismic and geodetic inversions. Fujii and Satake [2007] and Poisson et al. [2011] show that models with slip extending significantly offshore, like that from joint seismic and geodetic inversion by Rhie et al. [2007] , fit the timing of deep water tsunami observations particularly well. Aftershocks also appear to extend to close to the trench, suggesting at least some very shallow displacement on the megathrust.
[14] The observations of depth-varying seismic radiation for the 2010 Chile and 2011 Tohoku events motivated us to revisit back-projections of short-period signals, which were originally performed soon after the 2004 Sumatra-Andaman rupture [Ishii et al., , 2007 Ohrnberger, 2005a, 2005b] . These earlier studies emphasized the general correspondence of along-strike patterns in coseismic slip and short-period radiation, but they do differ in along-dip placement of the sources of coherent teleseismic shortperiod radiation, with imaging using European networks favoring more downdip locations than imaging using stations in Japan.
[15] We perform new back-projections using two largescale networks of seismic stations using the method of Xu et al.
[2009] to determine the locations of coherent [Gudmundsson and Sambridge, 1998 ]. Both images show that coherent short-period energy was radiated well downdip of the trench. teleseismic short-period radiation from the 2004 Sumatra-Andaman rupture. Recordings from 70 stations of the F-net broadband network in Japan and 57 broadband stations in Europe were selected for relatively uniform spatial distribution and high data quality, aligned by multistation crosscorrelation [VanDecar and Crosson, 1990] , and narrowband filtered with central periods of 1 s and 2 s, respectively. The travel times from each node in a source-region imaging grid to each station were computed for the reference model AK135 [Kennett et al., 1995] . The data traces aligned on the early portion of the signal were then shifted for predicted relative move out from each grid point and summed with fourth-root stacking; forming a two-dimensional spatial grid of time-varying data beam power. The time-varying images formed from the F-net and European data are shown in Movie S1 of the auxiliary material, and time-integrated images of the data beams at each grid point are shown in Figure 2 . 1 The images from the European data are compatible with prior work Ohrnberger, 2005a, 2005b] , and are quite similar to our images from F-net data, allowing for differences in directivity and intrinsic sensitivity of the two network configurations. There are some differences in along-strike placement of short-period energy sources for the two networks, which may be partly the result of small differences in passband but is most likely due to azimuthal variation in the Green functions and relative importance of depth phases versus direct phases at varying azimuths [e.g., Lay et al., 2010c] combined with network response effects. There is still minor discrepancy in along-dip placement of the short-period sources between the two network images, but in both cases the radiation is imaged as originating from relatively close to the coastline.
[16] Figure 3 is a complementary display of the frequency dependence within the short-period passband, showing time-integrated beam power maps from fourthroot back-projection of F-net data in four narrow, overlapping passbands centered at 8 s, 4 s, 2 s, and 1s. The three shorter-period images consistently indicate a predominantly downdip pattern of energy release along northern Sumatra, while the longer period image indicates source energy radiating from shallower on the broad megathrust, more consistent with slip models derived from waveform inversion of seismic and geodetic data. Imaging with longer period signals than these has insufficient spatial resolution to detect any depth-dependence.
[17] To evaluate whether there is any bias in the backprojection of the short-period energy to the source region, extended duration seismograms were processed for the same station configurations and images were formed for time intervals spanning large early aftershocks along the megathrust. The apparent locations of coherent short-period energy formed from the F-net beams in the passband centered at 1 s are close to the USGS National Earthquake Information Center (NEIC) source locations ( Figure 4 ), indicating that there is no major systematic bias in the backprojection of short-period signal energy over the southern portion of the 2004 rupture zone. The megathrust dip appears to increase in the region of the short-period source locations [Banerjee et al., 2007] , but the teleseismic backprojections have no relative depth resolution.
[18] These new back-projections for the 2004 Sumatra-Andaman event resemble those for the 2010 Chile and 2011 Tohoku events in that they indicate concentration of the coherent short-period energy sources in the downdip portion of the megathrust. While the precise placement of coseismic slip for the 2004 event is not uniquely resolved, there still appear to be systematic differences in the locations of large slip and the short-period energy sources, similar to the more recent events. Schematic characterizations of the rupture attributes of all three events are shown in Figure 5 . While there are some along-strike separations in regions of large The 8-s period range image shows energy closer to the trench than the three shorter-period images, and is more similar to slip models derived from waveform inversion. slip and short-period radiation, the evidence for systematic depth-variation is strong.
Deep Megathrust Transition to Aseismic Motion
[19] All megathrust faults have downdip limits to their seismogenic zones, below which only aseismic sliding or plastic deformation accommodates plate convergence. For many regions seismic activity indicates that this transition is relatively abrupt at depths of 45-55 km [e.g., Tichelaar and Ruff, 1993] , but there may be a deeper extent of conditionally stable state that allows rupture to extend downdip during very large events. Recent observations have established that there can be a transitional region in which a mix of slow slip events, low frequency events, and seismic tremor phenomena occur. This has been documented to occur at depth of 30-45 km in several subduction zones, typically involving subduction of relatively young plates with shallow dip angles (Southwest Japan, Cascadia, Central America) (see reviews by Beroza and Ide [2011] and Ide [2012] ). This transitional behavior is not clearly manifested everywhere; for example, no tremor or slow-slip events have been reported downdip of the 2011 Tohoku rupture zone despite extensive instrumentation. At this time, it appears that the transition from seismogenic to aseismic sliding can be Figure 4. Comparison of large aftershock locations for the 26 December 2004 Sumatra Earthquake (NEIC epicenters are given by purple dots) and teleseismic P wave fourth-root stack back-projections of F-net data filtered around 1 s. The back-projections image short-period source radiation close to the NEIC locations, indicating that there is no systematic bias that would cause short-period images to form downdip of true source locations for the paths to F-net. abrupt or gradational, and is influenced by age, temperature, and/or geometry of the subducting plate.
Megathrust Faulting Domains
[20] The recently characterized variations in earthquake rupture properties with depth along the seismogenic zone discussed above motivate a conceptual model involving four megathrust domains with different seismic behavior, as depicted in Figure 6 . Recognizing that earthquakes are complex phenomena, this conceptual model is intended as a framework for comparing behavior and assessing likely contributing factors manifested in the seismic variability. We introduce this model framework and then evaluate additional observations for both great and moderate size earthquakes in its context.
[21] The shallowest region of the megathrust, labeled domain A, extends from the trench down to about 15 km depth below sea level and experiences either aseismic deformation or large coseismic displacements in tsunami Regions of largest fault displacements (yellow) and regions of coherent short-period ($1 s) teleseismic radiation (blue) are indicated. The dashed lines are the position of the subduction zone trench, the thick gray lines are coastlines, and the red stars are the epicenters. In each case the coherent short-period radiation comes from downdip, closer to the coast (25-50 km deep), while the large slip zones are in the upper 25 km, extending seaward toward the trench. Short-period energy is located by network back-projections, while main slip regions are located by inverting seismic, geodetic, and/or tsunami observations, as described in the text for each event. where large slip occurs with minor short-period seismic radiation; Cdowndip domain where moderate slip occurs with significant coherent short-period seismic radiation; Dtransitional domain, only present in some areas, typically with a young subducting plate and shallow megathrust dip, where slow slip events, low frequency earthquakes (LFEs), and seismic tremor can occur. At yet greater depths the megathrust slides stably or with episodic slow slip or with plastic deformation that does not generate earthquakes. earthquakes ( Figure 6 ). The 1992 Nicaragua, 2006 Java, and 2010 Mentawai tsunami earthquakes appear to have ruptured across domain A. The 1992 Nicaragua and 2010 Mentawai events appear to have initiated relatively deep in domain A and ruptured updip. While large slip occurs at shallow depth during tsunami megathrust events, it is not clear whether strain is distributed throughout the toe or concentrated at the downdip edge of domain A. The 2011 Tohoku event appears to have nucleated even deeper along the megathrust, with slip extending all the way to the trench in a relatively unusual event.
[22] Great earthquakes in domain B (from 15 to 35 km depth) rupture with large total slip that radiates relatively modest amounts of coherent short-period energy, while large earthquakes that rupture domain C (from 35 to 55 km depth) tend to have moderate slip in this depth range but relatively high amounts of coherent short-period energy. This is a fairly subtle distinction, and evidence for the segmentation in rupture properties derives primarily from the detailed analyses of the 2004 Sumatra (M w 9.2), 2010 Chile (M w 8.8) and 2011 Tohoku (M w 9.0) events described above. Similarly, the distinction between domain A and domain B for the 2011 Tohoku event is rather subjective, but is supported by occurrence of the updip 1896 Sanriku tsunami earthquake to the north [e.g., Kanamori, 1972; Tanioka and Sataka, 1996] , and variation of source time functions for smaller events, as discussed below.
[23] The final megathrust domain (D) is the downdip transitional region where slow slip events, low frequency events, and seismic tremor phenomena have been well-documented for subduction of relatively young plates (Cascadia, Southwest Japan). Domain D may be very narrow, or non-existent in regions with steeper megathrust dip and deeply extending domain C. The proposed megathrust domain framework will now be compared with further observations from both great and large earthquakes to explore its value in characterizing seismic rupture attributes of the seismogenic zone. Much has been written recently about zone D, which has been a focus of study in regions with dense geodetic and local seismic observations [e.g., Beroza and Ide, 2011] , so here we focus on regions illuminated by global seismic observations, domains A, B, and C.
Earthquake Source Variations Across Megathrust Domains
[24] The megathrust domain structure introduced in Figure 6 is based on first-order seismological observations, and it is of interest to evaluate whether the domain subdivision can be validated in terms of quantitative source differences. This is a major challenge, and we provide several types of quantification here. We consider depth-variations in source property estimates, seismic magnitude measures, estimates of ground velocity spectral variations over the fault plane for great ruptures, variations in teleseismic and nearfield spectra for moderate size ruptures, and variations in moment-scaled energy release.
Source Property Variations
[25] The systematic estimation of point-source teleseismic source time functions for many interplate thrust events provides one probe of depth-varying properties of the megathrust regime, as reviewed by Lay and Bilek [2007] . Figure 7 shows plots of two source attributes inferred from deconvolved source time function durations scaled to a common seismic moment, for many moderate-size subduction zone thrust events. Because the source finiteness cannot be reliably resolved using teleseismic data for these events, variations in observed source duration do not give unique source properties. The durations can be mapped into seismic rupture velocity variations assuming unilateral slip models and those rupture velocities in turn related to fault zone shear velocity, and hence rigidity variations (Figure 7a ). Alternatively, assuming uniformly scaled fault dimensions, the observed source durations can be mapped into static stress drop variations ( Figure 7b ). In either case-and the reality is likely a mix of both-there is a strong variation of source rigidity and/ or stress drop within the depth extent of domain A, gradual change with depth across domain B, and some indication of increase into domain C. While there is substantial variability in data for different regions, most well-sampled subduction zones display similar basic trends [Bilek and Lay, 1998 , 1999 , 2002 Bilek, 2007; Lay and Bilek, 2007; Bilek and Engdahl, 2007] . Extending the data sampling of the deeper portion of the megathrust to better establish whether there is a clear distinction of domain C appears to be a promising undertaking.
Seismic Magnitude Variations
[26] Analysis of teleseismic source time functions is viable for events with m b > 6.0, but difficult for smaller magnitude events. One approach to extend the size range of events used to evaluate the megathrust domain notion is to use seismic magnitudes, in particular m b -M w magnitude differentials. Large scatter is to be expected with any magnitude data set due to regional variations in attenuation, changes in focal mechanism geometry relative to observing network, and many other factors. We limit comparisons of seismic magnitude differentials to the megathrust regions ruptured by the 2004 Sumatra-Andaman, 2010 Chile, and 2011 Tohoku great earthquakes, using USGS NEIC measures of P wave m b (measured for about 1 s period energy over the first few seconds of the seismic signal) and M w values from the Global Centroid Moment Tensor (GCMT) catalog. The source locations, depths, and moment tensors were used to identify events likely to be interplate thrust events. In order to avoid biases in the m b values for large events with longer than several second rupture durations, we limit the analysis to events with m b 5.0 to 6.5. Even across that magnitude range there is some expected scaling of the 1 Hz energy level relative to seismic moment, and we apply a correction to the magnitude differentials for moment scaling of an w-squared source spectrum with a 3 MPa constant stress drop [Rushing and Lay, 2011] .
[27] Figure 8 shows the resulting moment-scaling corrected m b -M w measurements as a function of GCMT centroid depth for the three megathrust regions [Rushing and Lay, 2011] . There is a weak increase in m b -M w with depth for the Japan zone, possibly a comparable increase, albeit sparsely defined, for central Chile, and a relatively clear trend (or step increase around 37 km depth) for northern Sumatra. Similar plots are found using hypocentral depth estimates from the NEIC or the Joint Metrological Agency (JMA); the GCMT depths tend to have less scatter relative to the megathrust trend although they are $10 km deeper overall. The central portion of the fault (domain B) tends to have average differentials around zero, consistent with the empirical agreement of m b and M w for events with M w $5 (source durations ≤1 s) [Utsu, 2002] . Some distinction of domain A may be apparent for Sumatra, but the large scatter obscures any clear distinction for the other two regions. There are relatively few moderate size events with very shallow depths near the toe of the megathrusts, which is probably a manifestation of the conditionally stable, or completely locked conditions there. Rushing and Lay [2011] consider similar magnitude differential patterns for other regions near large earthquakes without finding great consistency in trends, but few other regions have the exceptionally wide seismogenic zones of the events in Figure 8 . 
Teleseismic Ground Velocity Variations for Great Events
[28] The comparisons of teleseismic short-period backprojection and finite-fault slip inversions for recent great events in Figures 1 and 5 indicate differences in spectral content, but the nature of the processing obscures the absolute levels of the spectral differences. Quantifying the radiation spectrum across the megathrust for great events is very difficult; finite-fault inversions determine slip distribution for relatively long periods (>5 s), and back-projection waveform stacking isolates regions of coherent short-period (<5 s) radiation, but that does not provide a complete spatial mapping of the spectral variations. Most back-projection analyses focus on the peak interference patterns, as they The peak amplitude of the along-strike averaged signal power for each depth bin is normalized in each passband. This emphasizes the relative depletion of shorter period energy radiated from shallower depths of the megathrust during these two immense events. The drop off of energy below 55 km depth indicates the degree of depth smearing of the power estimates for all bandwidths due to the back-projection processing.
represent the most coherent imaging by short-period signals, but the back-projections include spatial projections of shortperiod signal over the entire fault surface, filtered with a coherency filter of some form.
[29] We consider linear stacking (rather than fourth-root stacking) to estimate relative power distribution for 0.5 s ground velocity of teleseismic P waves recorded by the USArray, back-projected to the 2010 Chile and 2011 Tohoku source regions and averaged along-strike in depth bins is shown in Figure 9 . The absolute amplitude of the stack is normalized to unity, as we do not have reliable control on azimuthally averaged source amplitude spectra. These values are shown relative to the along-strike peak and average slip from teleseismic body wave finite-fault rupture models [Lay et al., 2010b . As noted earlier, geodetic inversions tend to place slip somewhat closer to shore than some seismic inversions for both events, but the seaward extent of rupture is not well-resolved. Peak slip values are located in domain A for both events, but the average slip peaks in domain B for the Tohoku event. The low level of 0.5 s period seismic energy originating in domain A is clear, as is the peak of this signal in domain C. The smoothness of the trends with depth partly reflects intrinsic limitations of the imaging methods, and one would not expect sharp domain boundaries to be evident in these figures even if they are actually present.
[30] Figure 10 is a plot of the frequency dependent variations of the back-projected short-period signal from USArray for the same events, using a similar procure. The peak of each passband is normalized to unity to clarify the relative depletion of short-period signal from the shallower portion of the rupture plane. The absolute levels of power for the different passbands differ by many orders of magnitude, with very low power at shorter periods. This indicates that spectral slope differences as a function of depth, while systematic, are minor. At a period of 8 s the distribution is relatively flat with depth (this still indicates a shallow deficit relative to the slip distributions as seen in Figure 9 ) and there is no depth resolution at all for longer periods. The degree of spatial smearing of the reconstructed energy source is indicated by the fall-off of energy imaged below 55 km, where there was little or no co-seismic slip.
Source Spectrum Variations
[31] Back-projection procedures give an intrinsically biased view of the source spectrum, as they are designed to detect and enhance coherent subsources, and often use nonlinear stacking that distorts amplitudes. Usually, corrections for radiation pattern, attenuation, and site response are not included in back-projections, so absolute amplitudes are not recovered. Consideration of azimuthally averaged ground displacement spectra should further clarify the subtle energy contributions of the shorter period signals. Figure 11 shows averaged P wave displacement spectra for moderate size events that ruptured entirely within single megathrust domains. Reference spectra for conventional seismic moment and corner frequency scaling are shown in each case. The spectra for events rupturing in different domains have only subtly different high frequency slopes in the passband 0.1-1.0 Hz, with the 16 August 2005 Miyagi-oki (M w 7.2) earthquake representing domain C having relative enrichment of spectral amplitudes above 0.3 Hz. The shortperiod enrichment for slip in domain C is thus systematic for both events with ruptures confined to that domain and for great ruptures that also span shallower domains like the 2010 Chile and 2011 Tohoku events. It is not clearly established Figure 11 . The averaged source spectra of far-field P waves for moderate size earthquakes rupturing entirely within each of the three megathrust domains identified in Figure 6 . The blue lines indicate a reference Brune-source w-squared spectrum computed for the event seismic moment, Mo, a shear velocity of 3.75 km/s, and a stress drop of 3 MPa. The corresponding corner frequencies are 0.062 Hz, 0.059 Hz and 0.033 Hz for the (top) 2005, (middle) 2002, and (bottom) 1994 events, respectively. The red lines are the observed spectra obtained from finite-fault models for each event and the black lines are the observed spectra estimated from broadband teleseismic P waves. The arrow highlights the enriched short-period signal amplitude for the domain C event.
whether this is a manifestation of differences in rupture mode or superposition of additional radiation from smallscale subevents during rupture of domain C. Domain A events, here represented by the 2 June 1994 Java (M w 7.7) tsunami earthquake, are significantly shifted in corner frequency relative to conventional spectra and the other domains, but do not have anomalous high frequency spectral slopes. The shift of corner frequency is consistent with the measured low rupture velocities for recent tsunami earthquakes, although Abercrombie et al. [2001] use a moderate rupture speed of 2 km/s for the 2 June 1994 event. These comparisons indicate that if true spectral amplitudes could be reliably estimated as a function of depth along the megathrust for the data in Figures 8 and 9 , very strong overall variations would be found for large events. Allmann and Shearer [2009] find only a weak increase in stress drop from 30 to 50 km depth, in a global compilation of spectral shapes, noting that the increase is primarily associated with subduction zone events.
[32] Source attributes for two events located offshore of Honshu, Japan are compared in Figure 12 . The 2005 Miyagi-oki (M w 7.2) spectrum from Figure 11 is extended to 2 Hz, and compared with the 9 March 2011 (M w 7.3, GCMT) foreshock to the great 2011 Tohoku rupture. The latter event is updip on the megathrust from the 2005 event, and falls into domain B. Teleseismic P waves were inverted for finite-source models for the two events, and the resulting source time functions are shown. The 2005 event has a smaller centroid time and a significantly rougher moment rate function, although both models were parameterized equivalently. The averaged source spectra for the two events shows that the 2005 earthquake has higher spectral amplitudes at short-periods, consistent with the behavior between domains seen in Figure 11 , with some indication that this difference increases with increasing frequency.
[33] To provide a connection between the teleseismic observations and regional strong-ground motions, we analyzed the three-component recordings from 62 K-net and 50 Kik-net stations in Iwate (153 channels), Miyagi (72 channels) and Fukushima (110 channels) Prefectures for the two events considered in Figure 12 . Figure 13 indicates the locations of the sources and three clusters of stations in each Prefecture. Record lengths of up to 150 s of the ground accelerations were demeaned, tapered, and spectral ratios were computed component by component with the spectra from the 2005 event being divided by the spectra from the 2011 event. The individual spectral ratios were smoothed with a 9 sample running mean and the ratios were averaged over all components to give the average spectral ratios shown here. No explicit corrections for differences in path length were applied, as these are whole-signal spectra and the frequency-dependent attenuation structure is not known in detail. The 20 km greater source depth for the 2005 event reduces path length differences, and for the Iwate stations the path length differences are rather small. All three azimuthally distributed network average spectral ratios show a similar increase in ground acceleration spectra with increasing frequency for the 2005 domain C event relative to the 2) earthquake has a rougher source time function obtained by finite-fault inversion of teleseismic P waves than the 9 March 2011 Tohoku-oki (GCMT M w = 7.3) earthquake, which was a foreshock two days before the 11 March 2011 Tohoku earthquake. The 2005 event has a centroid depth near 36 km, and would be designated a domain C event, whereas the 2011 event is significantly shallower. The inversion here assumed a GCMT depth of 14 km, but analysis of ocean bottom seismometer data indicates that the event actually has a hypocentral depth of 23 km [Suzuki et al., 2012] and would be designated a domain B event.
The source spectra indicate that the Miyagi-oki event has higher spectral amplitudes (black dots) over the passband 0.1 to 2.0 Hz, than the somewhat larger Tohoku-oki event (red dots). The boxes indicate the nominal w-squared spectrum for the seismic moment of the 2005 event, similar to those shown in Figure 11 . 2011 domain B event. This pattern is similar to that apparent in the teleseismic source spectra up to 2 Hz, but here extends to 10 Hz. This correspondence reinforces the likelihood that the trends in Figure 13 are not completely controlled by path effects. Assuming that the great 2011 Tohoku (M w 9.0) event ruptured domains A, B and C with corresponding differences in high frequency radiation to that apparent in Figure 13 , it is consistent that Kurahashi and Irikura [2011] locate subsources of strong-ground motion energy radiation in the downdip, domain C region (Figure 1) . Ongoing work to develop path corrections and map out variations in strong motion source radiation for additional events using the Miyagi-oki event has systematically higher amplitude acceleration spectra relative to the 2011 Tohoku-oki event as frequency increases above 0.1 Hz, consistent with the far-field source spectra for the two events shown in Figure 12. extensive K-net and Kik-net regional strong motion networks and Hi-net stations is being pursued, but for our purpose here, the correspondence between teleseismic and regional source radiation differences between megathrust rupture domains is established.
Moment-Scaled Energy Variations
[34] Determination of total radiated seismic energy, E r , scaled by seismic moment, M o , as a function of depth along the megathrust is a desirable approach to quantifying rupture behavior [e.g., Newman and Okal, 1998; Venkataraman and Kanamori, 2004; Rivera and Kanamori, 2005; Convers and Newman, 2011] . This provides a quantitative characterization of the rupture processes, but can isolate behavior for each domain only to the extent that a rupture is confined to a specific depth range. A global analysis of 342 events with M w ≥ 6.7 suggests both regional and overall increases in log 10 (E r /M o ) with source depth for thrust events, albeit with the large scatter characteristic of radiated energy measurements . [35] Table 1 lists our radiated energy measurements made for many large, well-recorded megathrust events. Estimates of the radiated energy for frequencies less than $0.1 Hz were made using moment rate functions from finite-fault models inverted from teleseismic body wave observations. Broadband teleseismic P wave ground motion velocity spectra were used for estimating radiated energy for frequencies in the range of 0.1 to 1.0 Hz. The seismic moment, M o , was used to constrain the moment rate functions at very low frequency. The total radiated energy, E r , was then divided by the seismic moment. The basic analysis procedures follow published theory and methods of Venkataraman and Kanamori [2004] and Rivera and Kanamori [2005] . The energy estimates are most affected by uncertainties in source depth, which affects the P wave and S-wave velocities used in the energy estimates. There are also uncertainties associated with data bandwidth and propagation corrections.
[36] Moment-scaled radiated energy measures are shown in Figure 14 for recent large interplate earthquakes, with symbols identifying the megathrust domain(s) that ruptured. The appendix discusses each of the events and the basis for assigning rupture domain(s) to each event, as listed in Table 2 . The large tsunami earthquakes that rupture domain A have distinctly low moment-scaled radiated energy levels. Great events that rupture across domains A, B, and C have average energy levels, and it is difficult to partition energy to each domain. Domains B and C can fail largely independently in large events (Table 1) ; the 28 March 2005 Sumatra earthquake (M w 8.6) ruptured B, and possibly C ( Figure A1) ; the 12 September 2007 Kepulauan (M w 7.9) earthquake ruptured C while the adjacent 12 September 2007 Sumatra (M w 8.5) earthquake primarily ruptured B but with some deep short-period radiation from domain C ( Figure A1) ; the relatively small (M w 7.4) 1978 and 2005 Miyagi-oki earthquakes ruptured the same region of C that re-ruptured in the 2011 Tohoku with strong short-period radiation. Domains A and B can fail together as well, as appears to be the case for the 15 November 2006 Kuril Islands (M w 8.4) and 1 April 2007 Solomon Islands (M w 8.1) events, both of which ruptured to very shallow depth. There is rather subtle difference in energy characteristics for domains B and C, with the latter having only modestly increased energy levels in general. Figure 11 indicates that the differences in spectral amplitudes are systematic, but only pronounced for the shortest periods, for which the fraction of total energy contributed up to 1 Hz is modest, so the lack of a stronger distinction in Figure 14 is understandable. The previous section on spectral analysis suggests that the high frequency slope of the spectrum is less steep for domain C events, thus, energy from high frequencies may be most underestimated for the deeper events. Unfortunately, uncertainty of teleseismic P wave attenuation for frequencies above 1 Hz precludes confident analysis of the corresponding energy.
[37] The rupture domain assignments are intrinsically somewhat subjective; great earthquakes are complex and not easily categorized by simple metrics. However, the recent large events have been well-recorded and first-order features revealed by extensive studies of their source processes (Appendix A) guide our designations.
Discussion
[38] Displacement across a fault can occur with a broad spectrum of slip rates, ranging from stable sliding or episodic creep to abrupt stick-slip earthquake faulting. Efforts to account for the variable failure processes have largely involved consideration of fault frictional strength and ability to accumulate large strains/stresses prior to failure, combined with consideration of stability, where variables such as pressure, temperature and pore fluid presence control slipvelocity strengthening or weakening behavior, resulting in stable sliding or unstable earthquake behavior, respectively [e.g., Heaton, 1990; Scholz, 1998; Zheng and Rice, 1998; Ben-Zion, 2001] . Transitional zones of conditional stability may separate these regions, in which stable sliding occurs at low strain rates, but unstable sliding can occur during transient high strain rates. Earthquake ruptures can then propagate into otherwise stable regions even if they are unable to nucleate in them. Our characterization of megathrust failure domains and their seismic radiation distinctions provides new context for these considerations.
[39] The corner frequency of source spectra is a manifestation of finite time scales in the rupture, including total rupture duration (influenced by rupture velocity), and particle dislocation risetime (time scale of sliding at a point on the fault). Observationally, it is very difficult to resolve precise sliding time-histories at localized positions on a fault; the risetime is obscured by both wave propagation effects and rupture area expansion. The data for the 2011 Tohoku earthquake are the best available for any great megathrust rupture, and we find that the risetime for the regions with 40-60 m of slip are on the order of 20-30 s [Yue and Lay, 2011] , giving average estimated fault sliding velocities of $2 m/s for this event's rupture of domains A and B. Higher particle velocities may have occurred locally. We also estimate a lower bound of about 1.5 km/s for the rupture velocity in these regions. Quantification of corresponding parameters for other events is limited due to severe trade-offs in the modeling of exclusively far-field observations. Offshore geodetic measurements during rupture growth will be needed to overcome the trade-offs between rupture expansion rates and slip risetime for future megathrust events. This will be important to quantifying the causes of the rupture differences in the megathrust domains that we have identified.
[40] The 2011 Tohoku event has a larger than typical stress drop (>10 MPa), indicating unusually high stress levels in domain B for that rupture, possibly associated with structural heterogeneity [Zhao et al., 2011] . Variations in roughness on fault and background stress on the rupture surface influence the seismic radiation directly. Contrasts in properties across the fault can affect the rupture dynamics as well, and the increase in seismic velocities with depth is likely to cause increasing rupture velocity with depth, which can affect the corner frequency. As indicated in Figure 6 , the most likely fault zone material contrast is the transition along the Japan coast from crust-crust contact to crust-mantle contact, but this transition occurs deeper for the Chile rupture zone, so it is not the sole feature defining domain C. High driving stresses and 'patchy' frictional heterogeneity may account for the enhanced coherent short-period radiation from failures in domain C. While the only comparison with location of sources of strong ground motions is for the 2011 Tohoku event, in that case the teleseismic short-period radiation appears to emanate from the same location as for the local strong ground accelerations. This is supported by the strong motion spectra from moderate size events having enriched short-period amplitudes for domain C events relative to domain B events ( Figure 13 ).
[41] These general ideas are consolidated into a schematic of fault sliding heterogeneity in Figure 15 . Systematic depth variations in the extent of seismic versus conditionally stable/aseismic sliding define the properties of the various megathrust domains. This model is essentially an update of the 2D fault description provided by Scholz [1998] , augmented to recognize the expanding extent of tsunami earthquake occurrence, the distinct short-period radiation characteristics of the deeper portion of the seismogenic interface, and the transitional environment observed at least in regions with young subducting lithosphere. Qualitatively similar conceptual models have been advanced for the Japan subduction zone by Yamanaka and Kikuchi [2004] , Uchida and Matsuzawa [2011] and Ye et al. [2012] to explain the distribution of large earthquakes and observations of small repeating earthquakes [e.g., Shimamura et al., 2011] loaded by surrounding zones of quasi-static slip. The precise nature of the seismic asperities and conditional stability properties are not resolved at this time, but this appears to be a useful framework for characterizing depth-dependent properties of megathrust faults.
Conclusions
[42] Seismic wave observations of large and great earthquakes on subduction zone megathrusts provide accumulating evidence for systematic depth-dependence of rupture properties. We draw upon analyses of tsunami earthquakes, frequency-dependent rupture characteristics of recent great earthquakes, and observations of slow slip and tremor phenomena to define 4 domains of seismogenic behavior along megathrusts. The shallowest domain A, extends from the trench to about 15 km below sea level, and is a region where aseismic displacement can occur, but large tsunami earthquakes can rupture as well. Large and moderate size events in domain A tend to have longer rupture durations than do deeper events with the same seismic moment, and rupture velocities have been found to be slow for tsunami earthquakes. These events have depleted short-period energy and low moment-scaled seismic energy release. Domain B extends over the depth range 15-35 km, and has great events with large slip but diffuse short-period energy, average seismic magnitude and spectral behavior for smaller events, and average moment-scaled seismic energy release for large events. Domain C extends from 35 to 55 km depth, where increases in megathrust dip are common as are changes from crust-crust to mantle-crust rock contrasts across the fault. Large events in domain C tend to have enhanced shortperiod energy both teleseismically and in local strong ground motions, and great events that rupture into this region from shallower depth have localized regions of strong coherent short-period seismic radiation. There is some indication of increase in m b -M w differential magnitudes in this depth range, as well as relatively high moment-scaled radiated seismic energy release. Young subducting plates with Figure 15 . Cut-away schematic characterization of the megathrust frictional environment, related to domains A, B, C and D defined in Figure 6 . Regions of unstable frictional sliding are dark regions labeled "seismic." Regions of aseismic stable or episodic sliding are white regions labeled "aseismic." Medium gray areas are conditional stability regions, which displace aseismically except when accelerated by failure of adjacent seismic patches. Domain A is at shallow depth where sediments and pore fluids cause very slow rupture expansion even if large displacements occur in tsunami earthquakes. Domain B has large, relatively uniform regions of stable sliding that can have large slip, but generate modest amounts of short-period radiation upon failure. Domain C has patchy, smaller scale regions of stable sliding surrounded by conditionally stable areas. When these areas fail, coherent short-period radiation is produced. Small, isolated patches may behave as repeaters when quasi-static sliding of surrounding regions regularly load them to failure. Domain D is dominated by aseismic sliding, but many small unstable patches can rupture in seismic tremor when slow slip events occur or when dynamically loaded by tides or shaking from passing seismic waves.
shallow dip angles appear to preferentially develop a domain D transitional environment at depths of 30-45 km that has a mix of slow slip, low frequency earthquakes, and seismic tremor. Whether this region is present in most subduction zones is not yet established, but no domain D behavior has been reported for the regions of recent great earthquakes where older plates are subducting. Depth variations in the relative proportion of seismic and conditionally stable/ aseismic sliding properties of the fault can be invoked to account for the domain segmentation. Fully quantifying the specific mechanisms governing the behavior of each megathrust domain is the challenge for the future.
Appendix A: Rupture Characterizations and Domain Designations for Additional Recent Large Megathrust Earthquakes
[43] Relevant aspects of additional large earthquakes that are incorporated into the megathrust domain categorizations and for which moment-scaled energy has been calculated are summarized here. Designation of which megathrust domain was ruptured by each event is somewhat subjective, and we briefly discuss the rupture attributes of each event that guide our designations.
[44] 12 June 1978 Miyagi (M w 7.4, m b 6.7): This is a moderate size event offshore of the Honshu coastline in the downdip region of the 11 March 2011 Tohoku earthquake that ruptured with strong short-period radiation. It ruptured the same general region as the 16 August 2005 earthquake. The rupture process documented by seismic wave analyses [Seno et al., 1980; Kanamori et al., 2006] indicates that this is a rather typical event rupturing domain C. The data are not reliable enough to determine an E r /M o ratio with resolution comparable to that for other events here.
[45] 2 September 1992 Nicaragua (M w 7.6, Ms 7.2, m b 5.3): The 1992 tsunami earthquake offshore of Nicaragua ruptured a narrow shallow region close to the trench, in domain A. This event was shown to have relatively low rupture velocity and long source duration, and had very weak short-period radiation and low seismic intensity on the coast [Kanamori and Kikuchi, 1993; Imamura et al., 1993; Velasco et al., 1994; Satake, 1994] . It has one of the lowest observed E r /M o ratios.
[46] 2 June 1994 Java (M w 7.8, Ms 7.2, m b 5.7): This event ruptured the shallow domain A region southeast of Java [Abercrombie et al., 2001] and is considered to be a tsunami earthquake, although it has a rather simple source time function comprised of a single dominant pulse. The source depth is somewhat uncertain, with waveform modeling being consistent with 18-22 km deep, but the strong tsunami excitation and the occurrence of many shallow normal faulting aftershocks in the overlying wedge favors rupture in the upper portion of the megathrust.
[47] 23 June 2001 Peru (M w 8.4, m b 6.4): The rupture for this event appears to have initiated with a weak subevent followed by a much larger subevent about 100 km to the southeast [Lay et al., 2010a] . The primary slip zone is in the central portion of the offshore megathrust, within domain B.
[ 2003]. The rupture appears to be concentrated within domain B, with possible extension into domain C.
[50] 28 March 2005 Sumatra (M w 8.6, m b 7.0): The 2005 event ruptured the portion of the trench along Sumatra adjacent to the great 2004 event. The rupture occurred primarily in the central portion of the megathrust, as resolved by seismic and geodetic observations [Ammon et al., 2005; Walker et al., 2005; Briggs et al., 2006; Konca et al., 2007] . It was followed by significant afterslip on the shallower portions of the fault [Hsu et al., 2006 ]. It appears to have ruptured domain B, and may have penetrated into domain C, with short-period radiation concentrating downdip of the regions of large slip imaged by broadband seismic and geodetic data ( Figure A1 ).
[51] 16 August 2005 Miyagi (M w 7.2, m b 6.4): This is a moderate size event offshore of the Honshu coastline in the downdip region of the 11 March 2011 Tohoku earthquake that ruptured with strong short-period radiation. The rupture process documented by seismic wave and geodetic analyses Miura et al., 2006] indicates that this event ruptured domain C.
[52] 17 July 2006 Java (M w 7.8, m b 6.0): This was a neartrench tsunami earthquake in the region along Java that does not have any documented great underthrusting events deeper on the megathrust. We rely on analysis of broadband seismic waves [Ammon et al., 2006] for the characterization of this rupture as being in domain A. The largely extensional faulting aftershock activity [e.g., El Hariri and Bilek, 2011] is similar to that seen near the 1994 Java tsunami event and above the shallow large-slip region of the 2011 Tohoku rupture.
[53] 15 November 2006 Kuril (M w 8.3, m b 6.4): The central Kuril Islands region had uncertain seismogenic potential prior to the great earthquake doublet that struck on 15 November 2006 (M w 8.3) and 13 January 2007 (M w 8.1). The first event is a large shallow megathrust rupture and the second event is an outer trench-slope normal faulting event. Detailed analyses of body and surface waves [Ammon et al., 2008; Lay et al., 2009] along with some campaign GPS data [Steblov et al., 2008] indicate that the slip zone for the 2006 event extended updip to the trench, rupturing domains A and B.
[54] 1 April 2007 Solomon Islands (M w 8.1, m b 6.7): The rupture for this event had slip concentrated at shallow depth with relatively low levels of short-period radiation Chen et al., 2009] . The event was tsunamigenic, but not as distinctively as typical tsunami earthquakes, even though it may have ruptured to the trench. The rupture appears to have initiated in domain B or the downdip region of domain A and ruptured updip and along-strike, crossing over a triple junction where two underthrusting plates enter the subduction zone.
[55] 15 August 2007 Peru (M w 8.0, m b 6.8): This event produced strong damage in Pisco, Peru and significant tsunami. It initiated near 40 km deep and ruptured updip, apparently as a composite event with about a 60 s delay between deeper and shallower subevents [Lay et al., 2010a] .
The primary slip appears to be in domain B, but the initial subevent is likely in domain C, with impulsive isolated rupture that triggered the shallower main event.
[56] 12 September 2007a Sumatra (M w 8.4, m b 6.6): This great earthquake rupture was located offshore of central Sumatra. The rupture does not appear to have extended to the trench [Konca et al., 2008] , although it abuts the downdip edge of the 25 October 2010 Mentawai rupture zone. Some slip may have occurred as deep as in the large aftershock on the same day (12 September 2007b), but the primary slip appears to be concentrated in domain B, with short-period radiation concentrated in the region of large slip ( Figure A1 ).
[57] 12 September 2007b Sumatra (M w 7.9, m b 6.7): This earthquake ruptured the deeper portion of the megathrust below the region between the Pagai Islands and Sumatra (downdip of the 25 October 2010 Mentawai event). The event followed the larger thrust event to the southeast earlier on the same day. It generated relatively strong short-period radiation and failed in two large slip patches distributed along strike ( Figure A1 ). E r and E r /M o ratios were computed for the entire rupture process and the first subevent alone in Table 1 and Table 2 . Body and surface wave analysis [Konca et al., 2008] provides clear indication that this rupture was concentrated in domain C.
[58] 20 February 2008 Sumatra (M w 7.4, m b 6.5): This was a moderate size event that ruptured beneath Simeulue Island, Indonesia near the southern end of the 2004 Sumatra-Andaman rupture. The centroid depth and our own rupture model inversion indicate rupture in the depth range 15-30 km, placing this event in domain B.
[59] 29 September 2009 Tonga (M w $8): This underthrusting rupture was triggered by the 29 September 2009 trench-slope extensional-faulting earthquake south of Samoa, and ruptured from near the trench downdip over a width of about 50 km [Lay et al., 2010c; Beavan et al., 2010] . Weak short-period radiation from the rupture area is apparent in back-projections. Very few large thrust events occur in this region, so dynamic triggering of the event may have played a role in driving seismic failure of a conditionally stable portion of the shallow megathrust. We cannot determine a E r /M o ratio for the thrusting due to contamination of the signals by arrivals from the earlier normal faulting, but this rupture appears to have spanned domains A and B.
[60] 6 April 2010 Sumatra (M w 7.8, m b 6.8): This event occurred within the source region of the March 28, 2005 Nias earthquake, with slip concentrated in a patch between regions of large slip in the 2004 event. Finite fault modeling by NEIC and our own inversion indicates that it ruptured in the depth range 15-30 km, placing it in domain B.
[61] 25 October 2010 Mentawai (M w 7.8, m b 6.5): This earthquake ruptured the shallowest region of the megathrust off the Pagai Islands, Sumatra Bilek et al., 2011; Newman et al., 2011] . The rupture appears to have spread updip from a hypocenter about 10 km deep on a very shallow dipping (7.5 ) plane [Singh et al., 2011] . The slow rupture process and concentration of slip near the toe of the trench, along with the strong tsunami that was generated are characteristic of tsunami earthquakes in domain A.
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